The burrowing ocypodoid crab Macrophthalmus japonicus, a major bioturbator on Japanese tidal flats, is classified as a regenerator , that reworks the sediment without changing sediment grain distribution. We examined the effects of M. japonicus on abiotic and biotic sediment characteristics through crab exclusion experiments conducted on two adjacent tidal flats in the Tama River, Tokyo Bay, Japan, in 2012 and 2013. Although sediment organic matter content and water content were significantly higher in the exclusion treatment than in the control treatment, the siltclay content did not differ significantly between them. Microphytobenthos (MPB) biomass was affected negatively by M. japonicus feeding, which caused in a high turnover ratio. The experimental results indicated that M. japonicus decreased MPB biomass and maintained high primary production without changing the sediment grain size distribution. This suggests that regenerators affect mudflat abiotic and biotic sediment characteristics in a different manner from other types of bioturbators.
Introduction
Tidal flat ecosystems support a high biomass of diverse benthic assemblages (Little 2000) , and understanding the factors and mechanisms that regulate these assemblages is an important theme in marine ecology. On tidal flats, macrobenthic assemblages are controlled by sediment environmental characteristics, such as pore water salinity (Little 2000) , sediment grain size (Ono 1965 , Wada 1976 and sediment redox conditions . Moreover, macrobenthic assemblages are also controlled by bioturbators that modify the sediment characteristics.
Bioturbators rework sediments through activities such as burrowing, deposit-feeding and ploughing, the firstmentioned supplying oxygen to deeper sediment strata (burrow ventilation) and/or facilitating the release of minerals from the sediment to the water (bioirrigation) (Meysman et al. 2006) . On the basis of sediment particle reworking, Kristensen et al. (2012) defined bioturbators as biodiffusors, upward conveyors , downward conveyors or regenerators . Upward conveyors selectively transport sediment particles of a particular size upward (e.g., the lugworm Arenicola marina transports fine sand to the sediment surface, Montserrat et al. 2011) , whereas downward conveyors do so in the opposite direction (e.g., the cirratulid polychaete Cirriformia grandis transports fine particles to deeper sediment strata, >15 cm depth; Shull & Yasuda 2001) . Through the action of these organisms, the vertical distribution of sediment grain size is thus changed. Biodiffusors, such as the cockle Cerastoderma edule, on the other hand, plough and/or shake sediment, and occasionally prevent mud from accumulating on the sediment surface ). Geochemical modifications of the sediment by bioturbation strongly affect species distributions, population dynamics and the biodiversity of sympatric benthos species, with bioturbators being recognized as ecosystem engineers (Meysman et al. 2006 , Bouma et al. 2009 ). In particular, changes in sediment grain size distribution have a considerable impact on benthic ecosystems. and reported that A. marina, an upward conveyor, affected abiotic sediment characteristics such as water content and organic material content, and thus affected polychaete diversity by changing sediment grain size distribution. The resulting decrease in the accumulation of mud (<63 µm) led to a decrease in the biomass of associated organic matter and microphytobenthos (MPB), the main food items of surface deposit-feeding polychaetes, which consequently decreased. A field manipulation experiment at Westerschelde Estuary (SW Netherlands) by Montserrat et al. (2009) demonstrated that the removal of fine particles from the surface sediment by bioturbators also affected the biotic and abiotic environment. In particular, the ploughing and/or shaking behavior of the cockle C. edule, a biodiffusor, decreased fine particles in the surface sediment, leading to destabilization of the sediment, a decrease of MPB biomass and a change in the macrobenthic community (e.g., a decrease of tubedwelling worms). In addition, geochemical modifications of the sediment by bioturbation also affected meiobenthos abundance (Lei et al. 2010) , which contributes significantly to trophic turnover in tidal flats due to their high metabolic rates per volume of body size (Kuipers et al. 1981) . Van Colen et al. (2009) reported that such a modification of the sediment biotic and abiotic environment also affected the nematode community in particular, because sediment destabilization and decomposition of the MPB biofilm are structuring factors for the nematode community, especially epigrowth-feeding nematodes.
The above examples show that the dissipation of fine particles by bioturbator activity affects sediment surface stability, resulting in decreased MPB, and this decrease in MPB availability as a food source in turn influences the benthic macrofauna. This process is widely accepted as a perfect example of how ecosystem engineers play a critical role in aquatic soft-sediment ecosystems. However, although previous studies indicated that bioturbators, especially upward conveyors, are strong ecosystem engineers that modify sediment stability and MPB biomass, not all bioturbators change sediment grain size distribution. Regenerators, which dig and continuously maintain weak burrows, do not change the sediment grain size because the sediment that they transfer from their burrow to the surface was originally surface sediment. To date, little is known about how regenerators affect abiotic and biotic sediment characteristics, in contrast to other bioturbators that change sediment grain size ( biodiffusors, upward conveyors, and downward conveyors ).
The burrowing ocypodoid crab Macrophthalmus japonicus (de Haan, 1835) (ca. 40 mm maximum carapace width) is widely distributed in East Asia (Wada 1991 , Kitaura et al. 2002 . It often occurs in high densities (ca. 30-50 ind./ m 2 ; Henmi 1992 , Otani et al. 2010 on Japanese intertidal mudflats, where it makes J-shaped burrows for refuge from predators. Such burrows are approximately 30 cm in depth, with one large opening (Otani et al. 2010) . Because the burrow entrance readily collapses from tidal water movements, M. japonicus constructs a new entrance every two or three days (Otani et al. 2010) . Accordingly, this species is a major bioturbator on mudflats, and it is classified as a regenerator since it does not change the sediment grain size distribution (Tanaka et al. 2013) . In addition to frequent burrowing, the crab reworks the sediment by surface-deposit-feeding, consuming mainly MPB ). This active reworking of the sediment affects the macrofauna of intertidal mudflats: Tanaka et al. (2013) have shown, for example, that sediment disturbance caused by M. japonicus has negative impact on the filter-feeding bivalve Corbicula japonica and on the surface-depositfeeding polychaete Hediste diadroma. It has not yet been established, however, precisely how M. japonicus modifies the abiotic and biotic sediment characteristics of tidal mudflat ecosystems.
To investigated that question, we devised a field manipulation approach in which crab exclusion experiments tested the effects of this regenerator species on the sediment environment. Such approaches have been widely used to investigate the effects of bioturbators on abiotic and biotic sediment characteristics in tidal flat ecosystems (e.g., Webb & Eyre 2004 , Montserrat et al. 2011 , ideally over multiple years since the effects of bioturbators can vary between years . We conducted these experiments at two adjacent tidal flats in order to consider also the effect of study site location.
Materials and Methods

Study site
This study was conducted on two adjacent estuarine tidal flats in the Tama River (35°32′N; 139°44′E), which flows into Tokyo Bay, Japan (Fig. 1) . Tidal flat A , occupying about 2 ha on the north side of the estuary, and tidal flat B , 0.5 ha on the south side ( Fig. 1 ), were both surrounded by reed beds (Phragmites australis) and had similar sediment composition: muddy in the upper tidal zone (>50% silt-clay content) and sandy in the lower tidal zone (<10% silt-clay content). Flat B was about 50 cm higher in elevation than flat A (A: 11 cm below mean sea level at Tokyo bay; B: 43 cm above mean sea level; pers. obs.). The emersion time during each tidal cycle was about 6 hours for flat A, and about 8 hours for flat B. The average salinity of pore water over an annual cycle at flat A has been shown to be ca. 10 (Horikoshi et al. 2012) . Macrophthalmus japonicus was abundant on both tidal flats (A: 43.1±15.7 ind./m 2 ; B: 42.8±23.1 ind./m 2 , average±1SD, n=5, Tanaka unpubl. data), resulting in intensive sediment reworking. Although other crab species (e.g., Helice tridens, Sesarmops intermedium, Chiromantes dehaani) occurred in neighboring reed beds, they rarely encroached on the tidal flats and mixed with M. japonicus. Similarly, the burrowing polychaete Hediste diadroma occurred in the study areas (Tanaka et al. 2013 ), but sediment reworking by this polychaete was trivial compared to that of M. japonicus. Macrophthalmus japonicus was therefore the main bioturbator in the study areas.
Experimental design
The crab exclusion experiment was conducted in the upper tidal zone (Table 1 ) from 20 July to 13 September 2012 and from 23 July to 19 September 2013. Four replicate blocks were established on each flat about 5 m from each other, and each block included three experimental treatment plots, 50 50=2500 cm 2 in area, with 1 m between the plots (Fig. 2a) . Three treatments were devised as follows ( Fig. 2b) :
(1) Exclusion. A 40 cm high mesh wire cage (12 mm mesh) was set into the sediment to a depth of 20 cm, and to prevent crabs from entering this cage a 2-mm mesh plastic net (Takiron Co., Ltd.) was attached to the sides from a depth 10 cm below to 10 cm above the sediment surface. Crabs (>10 mm in CW) already within the cages were removed by hand (as many as possible) at the start of the experiment.
(2) Cage control. The plots subjected to this treatment were each enclosed by a mesh wire cage as in (1) (above), but with the side mesh removed from the level of the sediment surface to a height 10 cm above the sediment surface, thereby allowing normal crab movements.
(3) Non-cage control. No cage was used.
During the experimental period of two months, the density of crabs in each plot, estimated from the number of burrows, was recorded regularly (Table 1) .
Sampling of abiotic and biotic sediment characteristics
Field sampling of abiotic and biotic sediment characteristics was conducted three times, coincident with crab density estimation ( Table 1) . The abiotic sediment characteristics subsequently analyzed included organic matter (total carbon content (TOC), total nitrogen content (TN) and C/N ratio), sediment grain size (median grain size and silt-clay content (particles <63 µm)) and water content. For the analyses, sediment samples were taken with a plastic corer (5 cm diameter) to a depth of 1 cm, based on a preliminary investigation that indicated that M. japonicus did not affect sediment characteristics at >1 cm depth (Tanaka et al. 2013) . Sediment samples for meiobenthos were taken with a plastic corer (2 cm diameter) to a depth of 5 cm. MPB biomass was expressed as chlorophyll-a content (chla) and total phaeopigments (phaeo), and the turnover rate of MPB was estimated from the ratio of chl-a to phaeo (chl-a/phaeo). Although Carman et al. (1997) used this ratio as an indirect qualitative measure of feeding pressure on MPB, it was defined here as the turnover ratio of MPB against feeding, with a lower chl-a/phaeo ratio indicating a higher MPB turnover. Sediment samples for the chl-a and phaeo analyses were taken with a plastic corer (2 cm diameter) to a depth of 0.5 cm.
Samples for analysis of abiotic and biotic sediment characteristics were taken from three randomly chosen points within each plot and pooled. All samples were immedi- ately conveyed to the laboratory after collection.
Sample processing
In the laboratory, the samples for the water content, TOC, and TN analyses were kept in a freezer at 30°C until analysis, and those for sediment grain size analysis were kept at room temperature (15-25°C). After thawing, the sediment samples were dried at 60°C for 48 h and the water content was determined by subtracting the dry weight from the wet weight. Silt-clay content was determined by wet sieving (63 µm mesh). Median grain size was determined from the 50% point on the associated cumulative frequency curves of grain size diameter by dry sieving with 6 sieves (2, 1, 0.5, 0.25, 0.125, and 0.063 mm mesh). TOC and TN were determined using an elemental analyzer (MT-700, Yanaco), following acidification of the samples with 1 M HCl to remove carbonates.
The meiobenthos samples were washed over a 63 µm mesh sieve, and the residue was fixed and stained in buffered 5% formalin and 0.1% Rose Bengal solution. Meiobenthos in the samples were counted under a stereoscopic microscope.
The MPB samples were kept in the freezer at -80°C until analysis. They were subsequently freeze-dried, and chl-a and phaeo were extracted from ca. 1 g of dried sediment with 10 ml N,N-dimethylformamide (DMF) for 30 minutes at 4°C. All procedures were carried out in the dark. Chla and phaeo contents were measured with a fluorescence spectrophotometer (RF-1500, Shimadzu).
Statistical analysis
The number of M. japonicus individuals, the abiotic sediment parameters, MPB parameters, and meiobenthos density were compared between treatments by analysis of deviance using generalized linear mixed models (GLMM), the explanatory variables being treatment, tidal flat, and treatment tidal flat interaction, with year considered as random because the effects of bioturbators can fluctuate between years , Tanaka et al. 2013 . Based on the data characteristics, the models for number of M. japonicus individuals were fitted with a log link function and a Poisson error structure, and the models for all abiotic and biotic sediment characteristics were fitted with an identity link function and a Gaussian error structure. When GLMM results indicated significant effects, the Holm-Bonferroni test was conducted to compare the values between treatments or tidal flats. If treatment tidal flat interaction was significant, GLMMs assigning treatments to the explanatory variables were carried out separately for each tidal flat.
The three sets of samples in each year (Table 1) were treated as replicates. In all statistical analyses, the cage control and non-cage control treatments were regarded as controls to the exclusion treatment, since no significant differences (p<0.05) between these two control treatments were found for any of the parameters (see section 4.1).
All statistical analyses were performed with R 3.0.2 for Windows (R Development Core Team 2013). The package lme4 was used for the GLMM and the package car for analysis of deviance. 
Results
Control of crab density
In the exclusion treatment, some individual crabs still remained in some plots (0.5±0.5 ind./cage in flat A, 3.1±1.0 ind./cage in flat B; average±1 SE), despite efforts to exclude them. However, the densities of these crabs were significantly lower than in the cage control (7.0±0.9 ind./cage in flat A; 11.2±1.3 ind./cage in flat B; average±1 SE) and non-cage control plots (8.1±1.0 ind./plot in flat A; 11.8±1.4 ind./plot in flat B; average±1 SE) (GLMM: LRχ 2 =87.33, df=1, p<0.001).
Effects on sediment environment
In 2013, flat A became muddier compared to 2012, with the silt-clay content, organic matter content (TOC, TN) and water content all greater than in 2012 (e.g., silt-clay content 33.2±1.6% in 2012; 68.2±3.0% in 2013; mean±1 SE). No remarkable changes in sediment environmental parameters occurred between the two years at flat B.
The sediment environmental parameters of the three treatments on each tidal flat are shown in Fig. 3 . TOC, TN and water content in the exclusion treatment were 1.1-1.2 times higher than in the control treatments, and these differences were significant (Fig. 3a, b , f, Table 2 ). The C/N ratio was not significantly different between treatments, although it was significantly higher at flat B than at flat A (Fig. 3c, Table 2 ). Similarly, median grain size and silt-clay content were not significantly different between treatments but were significantly different between flats, with median grain size being smaller and silt-clay content higher in flat B than flat A (Fig. 3d , e, Table 2 ).
Effects on microphytobenthos
The results for chl-a, phaeo, and chl-a/phaeo are shown in Fig. 4 . In the exclusion treatment, every parameter was significantly higher than in the control treatments. In particular, the chl-a content in the exclusion treatment increased to more than double that in the controls (Fig. 4a , b, c, Table 2 ). Chl-a/phaeo also showed a significant difference between tidal flats, with lower values in flat A than in flat B.
Effects on nematodes
Because most of the meiobenthos in the samples were nematodes, we show only the results for nematodes. Since the interaction between treatment and tidal flat was significant, a one-way analysis of deviance was conducted to test crab effects on nematodes separately by tidal flat. A significant difference in nematode abundance occurred between treatments only in flat A (Table 3) , where the density of nematodes in the exclusion treatment was about twice that in the control (Fig. 4d) .
Discussion
Experimental design
The cages used in the experiment were considered to have had no direct effect on the results because there were no statistically significant differences in the investigated parameters between the cage control treatment and the non-cage control treatment. The cage control treatment was designed so as not to disturb normal crab activity, although the cage design for the treatment was different in detail from that for the exclusion treatment. The cage for the exclusion treatment enclosed the sediment with a 2-mm mesh net (Fig. 2b) , whereas the control treatment cage had four openings (windows) on the sides. Although it was possible that the narrow mesh net used in the exclusion treatment could have weakened water flow and increased particle sedimentation, this was found not to be the case since the silt-clay content did not differ significantly between the exclusion and cage control treatments (GLMM; LRχ 2 =0.10, df=1, p=0.75). Consequently, it can be validly concluded that any significant differences in parameters between the exclusion and control treatments resulted from crab effects.
Effects on microphytobenthos and abiotic characteristics
In the exclusion treatment, organic matter content, water content and MPB biomass increased, although sediment grain size did not change significantly between treatments (Fig. 3, Table 2 ). These results indicate that M. japonicus modified the abiotic and biotic sediment characteristics without changing sediment grain size distribution and can therefore be considered as a regenerator. Other bioturbators, such as upward conveyors and biodiffusors decrease MPB biomass, organic matter content and water content, and they dissipate finer particles from the sediment surface .
A balance in sediment stability generally explains the static relationship between decrease in MPB and loss of finer particles in the presence of bioturbators because finer particles are cohesive and aggregating and result in a stable sediment (Gray & Elliot 2009) . A matrix of extracellular polymeric substances (EPS) produced by MPB stabilizes the sediment surface, and MPB biomass tends to be greater in mud than in sand (Underwood & Kromkamp 1999) . If physical disturbance by bioturbators decreases the quantity of finer particles and destabilizes the sediment surface, such destabilization leads to a decrease in MPB biomass. At the same time, feeding by bioturbators reduces MPB biomass at an accelerated rate. Consequent collapse of MPB communities hastens sediment destabilization, concurrent with the activity of bioturbators (Willows et al. 1998 ).
In the case of regenerators, the mechanism of modification of sediment characteristics may differ from that of other bioturbators. The present results showed that M. japonicus decreased MPB biomass (as do other bioturbators). However, the decrease in MPB biomass may be due mainly to the feeding activity of M. japonicus , rather than to sediment reworking, because this regenerator species does not remove finer particles from the sediment surface (Fig. 5a) . Because of such sediment reworking, the high primary production of MPB can be maintained in the control treatments. In fact, the turnover rate of MPB in the controls was significantly higher than in the exclusion treatments, the chl-a/phaeo in the former being significantly lower than in the latter (Table 2) , indicating a high MPB turnover rate. In other words, M. japonicus maintained a high level of primary production of MPB (despite the low biomass of the controls) by stabilizing the sediment through the maintenance of finer particles, akin to gardening by bioturbators (Hylleberg 1975) . In a related example, Arenicola marina, an upward conveyor , induces MPB blooming around their burrows by supplying nutrients from the reworked sediment (Chennu et al. 2015) . In the present situation, however, the blooming of MPB in the exclusion treatments suggests that nutrients may not be similarly implicated, and that M. japonicus may instead be gardening MPB by maintaining the level of finer particles in the sediment surface and, consequently, sediment stability.
The sum of chl-a and phaeo (chl-a+phaeo) was positively correlated with organic matter content (TOC and TN) and water content (Fig. 6a, b, c) , suggesting that both the increase of MPB biomass (chl-a) and the decay of MPB (phaeo) in the exclusion treatment lead to increases in TOC, TN, and water content. Not only could primary production by a high MPB biomass contribute to high TOC and TN content, but also the relatively low C/N ratio indicates that the organic matter content of the sediment originated from MPB (Fig. 6d) . Increased MPB biomass also produces EPS that have been shown to retain moisture (Gray & Elliot 2009 ). These influences of M. japonicus on MPB, organic matter content, and water content agreed for the most part with the findings of a previous study conducted using the same methodology on flat A (Tanaka et al. 2013) . Although the effect of the crabs on TOC could not be determined by Tanaka et al. (2013) due to limited sampling (once per year on a single flat), the present study with more repetition demonstrated the negative effects of M. japonicus on TOC. The statistical analysis of abiotic characteristics and MPB biomass showed no significant interactions between treatments and tidal flats ( Table 2 ), suggesting that modifications of the sediment environment by M. japonicus bioturbation were consistent, regardless of tidal flat.
Effects on nematodes
The effects of M. japonicus on nematodes differed between tidal flats (Table 3 ) and were significant only on flat A. Because nematode abundance is correlated with the abundance of food, such as MPB and organic matter (Middelburg et al. 2000 , Rzeznik-Orignac et al. 2003 ), the high chl-a level in the exclusion treatment may have resulted in the greater abundance of nematodes (except on flat B in 2013) (Fig. 7) . A possible factor responsible for the lack of significant differences in nematode abundance between treatments on flat B was the difference in sediment grain size (Fig. 3d, e, Table 2 ), since the abundances of some nematode species are correlated with sediment grain size (Steyaert et al. 2003 , Gallucci et al. 2005 . However, this suggestion cannot be further examined here because the specific nematode taxa were not identified. Previous studies on the effects of bioturbators on nematodes have been equivocal, regardless of bioturbator type, with some bioturbators influencing nematodes positively (e.g., A. marina, upward conveyor Reise 1983; Trypaea australiensis, regenerator Dittmann 1996) and others negatively (e.g., Neohelice granulata, regenerator Botto & Iribarne 1999) . Because bioturbators modify a variety of factors that influence nematode abundance, including sediment stability (which affects settlement of nematodes), food abundance (e.g., MPB and organic matter content) and nematode predator abundance, the response of particular nematode species, which are also determined by spatial and temporal conditions , Lei et al. 2010 , are unpredictable. 
